The mutL gene of Neisseria gonorrhoeae has been cloned and the gene product purified. We have found that the homodimeric N. gonorrhoeae MutL (NgoL) protein displays an endonuclease activity that incises covalently closed circular DNA in the presence of Mn 2+ , Mg 2+ or Ca 2+ ions, unlike human MutLα which shows endonuclease activity only in the presence of Mn 2+ . We report in the present paper that the C-terminal domain of N. gonorrhoeae MutL (NgoL-CTD) consisting of amino acids 460-658 exhibits Mn 2+ -dependent endonuclease activity. Sedimentation velocity, sedimentation equilibrium and dynamic light scattering experiments show NgoL-CTD to be a dimer. The probable endonucleolytic active site is localized to a metal-binding motif, DMHAX 2 EX 4 E, and the nicking endonuclease activity is dependent on the integrity of this motif. By in vitro comparison of wild-type and a mutant NgoL-CTD protein, we show that the latter protein exhibits highly reduced endonuclease activity. We therefore suggest that the mode of excision initiation in DNA mismatch repair may be different in organisms that lack MutH protein, but have MutL proteins that harbour the D[M/Q]HAX 2 EX 4 E motif.
INTRODUCTION
The Gram-negative bacterial genus Neisseria contains many species that are only found in humans, including several commensal organisms that inhabit the nasopharynx and the urogenital tract. Neisseria gonorrhoeae colonizes the urogenital tract and is the sole aetiological agent of the sexually transmitted disease gonorrhea. Several observations coupled with the close association of the genus with humans suggest that most members of the Neisseria have evolved with humans [1] . Like many bacterial pathogens, much research on Neisseria including Neisseria gonorrhoeae and Neisseria meningitidis species has focused on host-pathogen interactions with the hope of identifying vaccine candidates and to better understand the mechanisms by which the bacteria interact with their host to elicit disease [2] . In contrast, investigations into basic mechanisms of DNA replication, repair and recombination have been relatively sparse. One possible reason for the lack of research into these molecular processes is the assumption that all bacteria and particularly Gram-negative bacteria are essentially the same as the Escherichia coli paradigm. Although it is true that many of the basic genetic mechanisms for replication, repair and recombination are conserved between bacterial species, there are many differences between species in the mechanistic properties, biological functions and molecular components involved in these processes.
The repair of misincorporated bases and damaged DNA is a critical process in maintaining genomic integrity. DNA-repair mechanisms have been well characterized in E. coli [3, 4] . Very little is known about DNA-repair mechanisms in Neisseria, but with the completion of the genome sequences of one N. gonorrhoeae (http://www.genome.ou.edu/gono.html) and two N. meningitidis [6] isolates, direct comparisons of potential DNA-repair genes to the E. coli paradigm can be made. The pathogenic Neisseria possess homologues of many genes known to be involved in DNA repair in E. coli, with several notable absences [1] . One of the most important DNA-repair systems in bacteria is the SOS response, which is absent from Neisseria [7] . The most studied of the DNA-repair systems in Neisseria is the recombination-repair system [8] .
Mismatch repair whose primary function is the correction of DNA replication errors is a highly conserved process that safeguards genome stability. The mechanism of mismatch repair has been most extensively studied in E. coli and the mismatchrepair pathway has been reconstituted in a purified system [3, 4, 9] . Repair of the mismatched bases in DNA is initiated by the binding of MutS protein to the mismatch. This is followed by the loading of MutL and the assembled MutS-MutL complex leads to the activation of the latent d(GATC) endonuclease activity associated with the monomeric MutH protein which incises the unmodified strand at the hemimethylated d(GATC) sequence. The resulting strand break can occur on either side of the mismatch. The ensuing excision reaction, which depends on MutS, MutL and co-operative action of DNA helicase II (UvrD or MutU) with an appropriate exonuclease, removes that portion of the unmodified strand spanning the d(GATC) site and the mismatch. This reaction is strictly exonucleolytic, initiating at the strand break and proceeding towards the mismatch without regard to location of the strand break. This unusual bidirectional excision capability implies that the methyl-directed system keeps track of which side of the mismatch the strand signal is located. A mismatch correction system has been identified in N. meningitidis [10] , consisting of genes known to Abbreviations used: Amp, ampicillin; CTD, C-terminal domain; DLS, dynamic light scattering; dsDNA, double-stranded DNA; EMSA, electrophoretic mobility-shift assay; LB, Luria-Bertani; NgoL, Neisseria gonorrhoeae MutL; Ni-NTA, Ni 2+ -nitrilotriacetate; PCNA, proliferating-cell nuclear antigen; p [NH] ppA, adenosine 5 -[β,γ-imido]triphosphate; RFC, replication factor C; R h , hydrodynamic radius; Rif, rifampicin; SPR, surface plasmon resonance; ssDNA, single-stranded DNA. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email dnrao@biochem.iisc.ernet.in). Bt-TGGAGAGCGCGGTACCGGTCTGCTGGATCACAAAC be involved in E. coli methyl-directed mismatch repair, including mutS, uvrD and recJ. The same set of genes can also be found in N. gonorrhoeae FA1090 genome sequence (http://www. genome.ou.edu/gono.html). Proteins of the MutS and MutL family have been found in most sequenced genomes, and therefore the principal mechanism of mismatch recognition and repair is believed to be evolutionarily conserved. However, homologues of MutH, the latent nicking endonuclease, are limited to E. coli and closely related Gram-negative bacteria [11] . In this group of bacteria, it has been known that d(GATC) sequences are methylated at the adenine residue by Dam (DNA adenine methyltransferase) [12] . In contrast, MutH and d(GATC) methylase homologues have not been identified in most bacteria, humans, Drosophila melanogaster or Saccharomyces cerevisiae genomes. It is therefore likely that the mismatch-repair reaction, especially the mode of excision initiation, in these organisms may be significantly different. Paul Modrich and his colleagues have found that human MutLα (MLH1-PMS2 heterodimer) [13] and S. cerevisiae MutLα (MLH1-PMS1 heterodimer) [14] are latent endonucleases that incise the discontinuous strand of a nicked heteroduplex in a mismatch MutSα-, RFC (replication factor C)-, PCNA (proliferating-cell nuclear antigen)-and ATPdependent manner. They showed that the human MutLα and yeast MutLα endonuclease activity is dependent on the integrity of a DQHAX 2 EX 4 E metal-binding motif located within the C-terminal portion of PMS2 and PMS1 respectively. Interestingly, this motif is common in archaeal and bacterial MutL proteins, but is lacking in MutL proteins from bacteria such as E. coli and Haemophilus influenzae that rely on d(GATC) methylation and MutH for strand discrimination during mismatch repair. Recently, Fukui et al. [15] reported that the Thermus thermophilus MutL (Tt MutL) and Aquifex aeolicus MutL possess an nicking endonuclease activity. Whereas eukaryotic MutLα are heterodimers of MLH1 and PMS2 (PMS1 in the case of yeast), bacterial MutL are homodimers. Previously, it has been shown that homodimeric E. coli MutL, which lacks a conserved motif in the CTD (C-terminal domain) that is important for endonuclease activity and mismatch-repair function, does not show any endonuclease activity [14] . Although it had been shown that the PMS2 domain of MutLα is important for endonuclease activity, the role of MLH1 in endonuclease functions remains elusive. Moreover, it has not been demonstrated previously whether homodimeric MutL, such as NgoL (N. gonorrhoeae MutL), containing a DQHAX 2 EX 4 E metal-binding motif, is endonuclease-proficient.
MATERIALS AND METHODS

Bacterial strains and plasmid vectors
E. coli strain DH5α (hsdR, recA) was used as a host for preparing pUC19 and pET15b. The DNA constructs derived from pET15b
were used for overexpression and purification of wild-type NgoL, the CTD of NgoL (NgoL-CTD) and mutant proteins. These proteins were expressed in E. coli BL21(DE3)pLysS cells by transforming with appropriate plasmid pET15b constructs. E. coli strain TX2652 [CC106 mutL:: 4 (BsaAI; Km r )] was used for complementation studies. E. coli strain ER2566 (endA1) was also used for protein expression and purification.
Enzymes and chemicals
All reagents used were of analytical or ultra-pure grade. [γ -32 P]ATP (3500 Ci/mmol) was purchased from Bhabha Atomic Research Centre. MgCl 2 , MnCl 2 , CaCl 2 , BSA, Amp (ampicillin), Hepes, imidazole and Coomassie Brilliant Blue R-250 were procured from Sigma.
General recombinant techniques
Restriction enzymes, DNA polymerases, T4 DNA ligase and T4 polynucleotide kinase were used according to manufacturers' recommendations. Ligations, transformations and DNA electrophoresis were performed as described in [16] . Plasmid DNA pET15b and pUC19 were prepared as described in [16] .
Preparation of DNA substrates for nicking assay
Covalently closed circular DNA was used as the substrate to monitor DNA-nicking activity. pUC19 DNA was prepared by transforming E. coli DH5α cells with pUC19 DNA.
PCR amplification and cloning of N. gonorrhoeae mutL gene
The 2298 bp open reading frame of mutL gene was amplified from N. gonorrhoeae genomic DNA by PCR with Pfu DNA polymerase using gene-specific primers containing a 5 -overhang that introduced a restriction site (NcoI and BamHI respectively). The primers were designed based on the annotated complete genome sequence of N. gonorrhoeae (http://www.genome.ou.edu/ gono.html). Oligonucleotides 1 and 2 (Table 1) are the sequences of the sense and antisense primers used. The PCR-amplified genes were cloned into bacterial expression vector pET15b (Novagen) using appropriate restriction sites. The authenticity of the cloned genes was confirmed by DNA sequencing. The cloned gene was sequenced and was found to be 97 % identical with the published sequence of N. gonorrhoeae strain FA1090 containing a four amino acid deletion in the nonconserved linker region (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/423/bj4230265add.htm). Since the length and sequence of the linker is highly variable even within the Neisseriaceae (up to 25 amino acid residues), we concluded that the observed differences in the sequence have no or little effect on the overall function of the protein. Moreover, for E. coli MutL, it has been show that significant parts of this linker could be deleted without loss of function [17] .
PCR amplification and cloning of N. gonorrhoeae mutL gene CTD
The forward primer, complementary to the His 6 -tag region of pET15b and partially complementary to codons of 460-465 amino acids (oligonucleotide 3, Table 1 ), and the vector-specific reverse primer were used. The first round of PCR was carried out using the pET15b-NgoL as template with the above-mentioned primers. The second round of PCR was performed using the megaprimer formed and pET15b-NgoL as the template. The product obtained was subjected to DpnI digestion and transformed into DH5α cells. Screening was carried out by PCR using the vector-specific primers. The size of the product formed was used as a criterion for scoring the constructs containing NgoL-CTD. NgoL-CTD comprises 198 amino acids from amino acid 460 to amino acid 658.
Complementation of a mutL mutator phenotype
Cells lacking a functional chromosomal mutL gene show a mutator phenotype, which can be analysed by the frequency of occurrence of Rif (rifampicin)-resistant colonies [18] . Single colonies of mutL-deficient TX2652 cells transformed with pET15b vector alone or with pET15b containing the wild-type or mutant mutL gene of N. gonorrhoeae were grown overnight at 37
• C in 3 ml of LB (Luria-Bertani) medium containing 100 μg/ml Amp. Aliquots of 50 μl from the undiluted culture were plated on LB agar containing 25 μg/ml Amp and 100 μg/ml Rif. Colonies were counted following overnight incubation at 37
• C.
Overexpression and purification of NgoL and NgoL-CTD proteins
NgoL and NgoL-CTD proteins were heterologously overexpressed as N-terminal His 6 -tagged proteins. BL21(DE3)pLysS cells were transformed with pET15b-NgoL or pET15b-NgoL-CTD and were grown at 37 • C in 3 ml of LB broth containing 100 μg/ml Amp. These cultures were inoculated into 600 ml of LB + Amp medium and allowed to grow to a D 600 of 0.8 at 37
• C. The expression of these proteins was induced by the addition of 0.5 mM IPTG (isopropyl β-D-thiogalactoside) and the cells were allowed to grow for another 3 h at 28
• C. The cultures were cooled on ice, and the cells were harvested by centrifugation at 4400 g for 10 min at 4
• C. The respective cell pellets were resuspended in lysis buffer [10 mM Hepes (pH 8.0) buffer containing 300 mM KCl, 10 % glycerol, 1 mM 2-mercaptoethanol and 5 mM imidazole] and lysed by sonication. The lysates were cleared by centrifugation at 15 000 rev./min for 30 min using a JA 20 rotor (Beckman Coulter) at 4
• C. Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose (2 ml bed volume) equilibrated in lysis buffer was added to the supernatant, and the proteins were allowed to bind for 1 h on ice with intermittent mixing. The protein-bound matrix was packed in a column and washed with at least 100 column volumes of wash buffer (lysis buffer containing 60 mM imidazole). The proteins were eluted using a gradient of 60-300 mM imidazole and separated on a 0.1 % SDS/12 % polyacrylamide gel [19] . NgoL and NgoL-CTD proteins were purified as soluble proteins to over 95 % homogeneity as judged by SDS/PAGE (see Supplementary Figures S2A and S2B at http://www.BiochemJ.org/bj/ 423/bj4230265add.htm). Typically, 1 mg of protein was obtained from 100 ml of culture. The eluted proteins were dialysed extensively against 10 mM Hepes buffer (pH 8.0) containing 300 mM KCl, 10 % glycerol and 1 mM 2-mercaptoethanol and were stored at − 20
• C in the same buffer with the addition of 50 % glycerol. Two additional chromatography steps on heparinSepharose followed by gel filtration which were not used during isolation of the proteins were employed to ensure that the endonuclease activity determined in the presence of Mn 2+ was not due to a contaminant (results not shown). Western blot analysis, using polyclonal antibodies raised in rabbits, of induced crude cell lysates as well as purified protein detected essentially a single band corresponding to NgoL or NgoL-CTD proteins respectively (see Supplementary Figure S2C ). Procedures involving animals were performed according to local ethical regulations.
Molecular size-exclusion chromatography
Gel-filtration experiments were performed using anÄKTA basic 10 liquid chromatography system (GE Healthcare) with a Superose 6 HR 10/30 column. Chromatography was carried out in 10 mM Hepes buffer (pH 8.0) containing 500 mM KCl, 10 % glycerol and 1 mM 2-mercaptoethanol. The flow rate was maintained at 0.3 ml/min, and the elution profile was monitored by the absorbance at 280 nm. The void volume was determined using Blue Dextran, and the column was calibrated using the following standard molecular-mass markers (Sigma): carbonic anhydrase (29 kDa), BSA (66 kDa), alcohol dehydrogenase (150 kDa), β-amylase (200 kDa) and apoferritin (443 kDa). The elution volumes of marker proteins and NgoL and NgoL-CTD were determined. The molecular masses of NgoL and NgoL-CTD were calculated from the plot of V e /V o against log(molecular mass).
Oligonucleotides and radiolabelling
All oligonucleotides showed a purity >95 %. Concentrations of oligonucleotides were determined by UV absorbance at 260 nm. The oligonucleotides used in the mutagenesis reactions are listed in Table 1 . A 3 pmol sample of ssDNA (single-stranded DNA) (oligonucleotide 7, Table 1 ) was labelled at the 5 -end with [γ -32 P]ATP (3 pmol) by using T4 polynucleotide kinase. The labelled oligonucleotide was purified by Sephadex G-25 spin-column chromatography.
Site-directed mutagenesis
Site-directed mutagenesis was performed using PCR-based technique [20] to replace required amino acids. Mutations were introduced into the NgoL and NgoL-CTD gene by using the two-stage megaprimer PCR method. PCRs were carried out with Phusion DNA polymerase (Finnzymes). For each substitution, appropriate forward primer and mutagenic reverse primers were used. In the first round of PCR, oligonucleotide primers mentioned above and pET15b-NgoL or pET15b-NgoL-CTD DNA were used to amplify a DNA fragment, which was used as a megaprimer in the second round of PCR. The full-length PCR product was obtained in the second-round PCR by extension of the megaprimer. The PCR product thus obtained was purified, digested with DpnI restriction enzyme to cleave the methylated template DNA, transformed into E. coli DH5α strain and plated on LB agar containing Amp (100 μg/ml). The reverse mutagenic primers were designed in such a way to change the respective amino acids and to create a Type II restriction enzyme site. Hence, the resultant plasmids could be screened easily. The resultant plasmids were used for expression and purification of mutant NgoL and NgoL-CTD proteins. All mutations were confirmed by DNA sequencing.
EMSAs (electrophoretic mobility-shift assays)
A 440 bp DNA labelled with [α-32 P]ATP using PCR or oligonucleotide 7 (Table 1 ) (3 pmol) labelled at the 5 -end with [γ -32 P]ATP by using T4 polynucleotide kinase was used for DNAbinding studies. Non-denaturing polyacrylamide gels were used for the EMSAs. Labelled DNA and increasing amounts of protein were incubated for 10 min on ice in binding buffer [10 mM Hepes (pH 7.8), 300 mM KCl and 1 mM 2-mercaptoethanol]. The samples were electrophoresed on 6 % polyacrylamide gels in buffer containing 45 mM Tris/borate and 1 mM EDTA. Electrophoresis was performed at 4
• C and 100 V for 3-5 h depending upon the separation required. Protein-DNA complexes formed were visualized by phosphoimaging.
SPR (surface plasmon resonance) studies
The binding kinetics of NgoL and NgoL-CTD with DNA was determined by SPR spectroscopy using the BIAcore2000 optical biosensor (GE Healthcare). The 5 -biotinylated single-stranded oligonucleotide (oligonucleotide 8, Table 1 ) was immobilized on a streptavidin-coated chip (GE Healthcare) as per the manufacturer's recommendations. The binding reactions were carried out in a continuous flow of buffer A [10 mM Hepes (pH 8.0) containing 20 mM NaCl, 1 mM EDTA and 0.05 % surfactant P-20] at a flow rate of 10 μl/min. The protein concentrations required were made by diluting with buffer A. The surface was regenerated by passing 5 μl of 0.05 % SDS followed by 10 μl of buffer A for further binding reactions. One of the four surfaces not having the biotinylated oligonucleotide was used as a negative control. The binding data were analysed using a 1:1 Langmuir binding model in BIAcore evaluation software version 3.0.
ATPase activity of NgoL
ATPase activity was determined using the Malachite Green method as described in [21] . Briefly, 20 μl of reaction buffer containing 10 mM Hepes (pH 8.0), 50 mM KCl, 5 mM MgCl 2 and 1 mM ATP was used. Unless specified otherwise, NgoL (1 μM) was incubated with 1 mM ATP. Single-stranded M13 DNA or double-stranded pUC19 DNA was included in the reaction at 50 nM as indicated. Reactions were stopped with 50 mM EDTA, and measurement was carried out in standard 96-well ELISA plates. Then, 5 μl of reaction mixture was added to 85 μl of Malachite Green reagent containing ammonium molybdate. After 10 min, 10 μl of 34% sodium citrate solution was added, 30 min was allowed for colour development and absorbance was measured at 640 nm. The standard curve was measured using KH 2 PO 4 solution.
Nicking endonuclease activity
Nicking endonuclease activity was assayed by incubating increasing amounts of NgoL or NgoL-CTD enzymes with 50 nM of pUC19 DNA in a buffer containing 10 mM Hepes (pH 8.0), 5 mM MnCl 2 and 50 mM KCl at 37
• C for 1 h. Reactions were stopped with 50 mM EDTA. Proteinase K treatment was given for 30 min at 72
• C and the products were analysed by 1 % agarose gel electrophoresis with 90 mM Tris/HCl (pH 8.3), 80 mM boric acid and 2.6 mM EDTA as running buffer. To study the requirement of metal ions, the nicking assay was performed in the presence of Mg 2+ , Mn 2+ or Ca 2+ . Reactions were terminated and samples were processed as described above.
Kinetic methods
Kinetic experiments were typically carried out by diluting the NgoL or NgoL-CTD enzymes and then adding a sample of the diluted enzyme to a solution of pUC19 in buffer. Samples were removed from the reaction mixture at timed intervals and immediately vortex-mixed with 5 μl of stop mixture [100 mM EDTA, 10 mM Tris/HCl (pH 8.0), 60 % (w/v) glycerol and 0.03 % Bromophenol Blue]. Each sample was then analysed by electrophoresis through 1 % agarose in 90 mM Tris/HCl (pH 8.3), 80 mM boric acid and 2.6 mM EDTA containing 0.5 μg/ml ethidium bromide at 5 V/cm. Under these conditions, the covalently closed circular form of pUC19 has a higher mobility than the open circle form of this DNA.
For kinetic experiments, zero-time points were taken by adding stop mixture to a sample of the DNA before the addition of enzyme. For every reaction, a sample from the same solution of DNA was also incubated with reaction buffer for the duration of the reaction. In all of the reactions described, <1 % of the covalently closed circular DNA was linearized in this control. Unless otherwise indicated, all enzyme activity data were the average of at least triplicate determinations. Variation among the different experiments was less than 5 %.
CD spectral analysis
CD measurements were recorded on a Jasco J810 polarimeter between 200 and 250 nm in a 2-mm-pathlength quartz cuvette. All experiments were done at 25
• C in 10 mM potassium phosphate buffer (pH 8.0) containing 30 mM KCl. The protein solution was incubated for 10 min in a final volume of 400 μl before recording the spectrum. NgoL-CTD and NgoL-CTD-D491N/E497Q spectra were recorded. Each experimental spectrum represents the best fit of at least three determinations.
Fluorescence measurements
Fluorescence emission and fluorescence intensities were measured for NgoL-CTD and NgoL-CTD-D491N/E497K in a PerkinElmer spectrofluorimeter LS 55 using a 5 mm quartz cuvette at 25
• C. The emission spectra were recorded from wavelengths of 300-400 nm with the excitation wavelength set at 280 nm. The slit width of 10 nm was used for both excitation and emission. Enzymes were allowed to equilibrate for 2 min in 10 mM Hepes (pH 8.0) containing 50 mM KCl at 25
• C before measurements were made. Small aliquots of MnCl 2 (0.1 mM to 15 mM) were added to reaction containing NgoL-CTD and NgoL-CTD-D491N/E497Q (1 μM) and spectra were recorded. Each spectra recorded was an average of three scans. Appropriate corrections were made for dilution of the protein sample upon addition of metal ion as well as for the inner filter effect of protein and metal ion. The fluorescence intensities were plotted against the total metal ion concentration and the data were analysed using the Stern-Volmer and modified SternVolmer equations. The Stern-Volmer relationship is represented by F 0 /F = 1 + K sv [Q] , where F 0 and F are fluorescent intensities in the absence and presence of cofactor respectively, K sv is the collision Stern-Volmer constant, and [Q] is the quencher (metal ion) concentration. In the case where there is a heterogeneous population of fluorophores, the modified Stern-Volmer relationship is used,
where f a is the fractional number of fluorophores accessible to quencher, and K Q is the quenching constant. The dissociation constants were calculated graphically using the modified Stern-Volmer plot [a plot of
Analytical ultracentrifugation
Analytical ultracentrifugation experiments were carried out in a Beckman-Coulter XL-A analytical ultracentrifuge equipped with UV-visible absorption optics. Protein samples in 10 mM Hepes/KOH (pH 7.9) containing 1 mM EDTA, 125 mM KCl and 1 mM DTT (dithiothreitol) were spun in double-sector centrepieces in an AN-50Ti rotor. Sedimentation velocity experiments were carried out at 20
• C and 50 000 rev./min with a sample size of 400 μl. Data were analysed with the program package SEDFIT [23] which transforms the measured moving boundary profiles into a differential sedimentation coefficient distribution. All sedimentation coefficients were corrected for buffer viscosity and density and are given as s 0 20,w values.
Sedimentation equilibrium analysis
Sedimentation equilibrium experiments were performed at 20 μM loading concentration and 150 μl samples were underlaid with 50 μl FC43 (ABCR) as an artificial bottom. The samples were spun at 14000 and 20 000 rev./min at 20
• C for at least 32 h at each speed. Scans were taken every 1 h, and equilibrium was assumed to be attained when there was no detectable change in these concentration profiles for at least 12 h. Profiles of these last 12 h were averaged. Buffer absorption was determined after sedimenting the protein for 7 h at 44 000 rev./min and data were evaluated with the program package BPCFIT [24] which can fit concentration gradients for up to three different components giving their molar masses and relative concentrations:
where c(x) is the calculated absorption profile, A 0 is the buffer absorption, c i 0 is the absorption at x o , the partial specific volume, M i is the molar mass of the ith species, ω is the angular velocity, and R and T are the gas constant and absolute temperature respectively.
DLS (dynamic light scattering)
Several different NgoL-CTD solutions (35 μM) were prepared and analysed by DLS. The protein was in 10 mM Hepes/KOH (pH 7.9) containing 0.1 mM EDTA and 500 mM KCl. Samples were passed through a 0.2-μm, 13-mm Whatman anodisc filter, and 15 μl of sample was loaded into a quartz cuvette which was placed into the RiNA Spectroscatter 201 DLS instrument. Approx. 100 measurements were collected for each of three to four independently prepared samples at 20
• C by the instrument. The data were analysed to obtain the diffusion coefficient (D 20,w ), which in turn was used to calculated the hydrodynamic radius (R h ) values for each sample. The S.D. values for the radii were calculated, and these were an error estimate of the hydrodynamic radius of the molecule in solution, based on multiple samples. The reported R h value is the mean size of the dominant peak. The R h was obtained from the Stokes-Einstein equation: 20,w where k B is the Boltzman constant, T is the temperature in Kelvin, η is the viscosity of the solvent, and R h is the hydrodynamic radius of the average scattering molecule.
Miscellaneous methods
For checking the purity, protein samples were separated on 0.1 % SDS/10 % polyacrylamide gels according to the method described by Laemmli [19] . The protein bands were detected using Coomassie Brilliant Blue R-250. Protein concentration was determined by the method of Bradford [25] . Polyclonal antibodies against the denatured NgoL protein were raised in rabbits. Western blot analysis was carried out as described in [26] .
RESULTS AND DISCUSSION
Comparative analysis of MutL proteins from completely sequenced bacterial genomes
MutL homologues have been identified in bacteria, yeast, mouse, plants and human cells. Analysis of sequence similarity between MutL proteins from various bacterial genomes revealed that the N-terminal regions (amino acids 1-335) are highly similar, whereas the C-terminal regions are much less conserved [17] . The C-terminal dimerization domain is connected to the Nterminal ATPase domain via a linker region that is predicted to be disordered. Despite the low sequence similarity in the Cterminal dimerization domain, secondary-structure prediction and fold recognition suggest that the overall fold of the MutL-CTD is similar [17] . Work from Modrich's laboratory suggested that the CTD of human MutLα harbours a metal-binding site [13] . A BLAST analysis of the proposed sequence of CTD against the protein database revealed a DQHAX 2 EX 4 E motif that is highly conserved in eukaryotic homologues of human PMS2 and MLH3 and in several archaeal and bacterial MutL proteins, but is lacking in MutL proteins from bacteria such as E. coli that rely on d(GATC) methylation for strand discrimination during mismatch repair [13] (Figure 1A ). Figure 1 
In vivo complementation of a mutL-mutator phenotype
It was reported that MutL from the Pseudomonas aeruginosa PA01 was not able to complement a mutator phenotype of a mutL-deficient E. coli strain [27] . However, another study clearly demonstrated the MutL from Ps. aeruginosa Hex1T was capable of complementing a mutL-deficient strain of E. coli [28] , albeit at reduced efficiency (20-fold increased mutation frequency compared with complementation with plasmid-borne E. coli MutL). On the other hand, MutL from the Grampositive bacterium Streptococcus pneumoniae HexB was less efficient in complementation (approx. 50-fold increased mutation frequency) [29] . High-frequency mutation to a streptomycinresistant strain was reported when T. thermophilus mutL was disrupted, indicating that MutL was responsible for mismatch repair in T. thermophilus HB8 [15] . Consequently, we investigated the ability of a MutL from a Gram-negative β-proteobacterium, i.e. N. gonorrhoeae, to function in the context of E. coli mismatch repair. We observed a 170-fold increased mutation frequency compared with complementation with plasmid-borne E. coli MutL, as scored by the Rif-resistance assay [18] , which is of similar magnitude as observed for the pET15b vector control (130-fold; results not shown). Taken together, these data indicate that NgoL has diverged significantly from E. coli MutL in order to function in context of the E. coli mismatch repair machinery. 
Biochemical characterization
Oligomeric status of NgoL and NgoL-CTD proteins
MutL and its homologues have molecular masses ranging from 70 to 90 kDa and form either homo-or hetero-dimers of the same family in solution. As stated above, all members of the MutL family share a conserved N-terminal region of ∼ 300 amino acids [30] and the divergent C-terminal region responsible for dimer formation [31, 32] . Sedimentation-velocity and gelfiltration analysis had shown previously that the native E. coli MutL exists in solution as a homodimer with a significant degree of non-spherical asymmetry [33] . Gel-filtration analysis was performed to determine size and subunit structure of NgoL and NgoL-CTD in solution. A Superose 6 HR 10/30 column was calibrated with proteins of known molecular mass. NgoL and NgoL-CTD eluted as symmetrical peaks, at positions corresponding to a globular protein of 151 and 54 kDa respectively (Figure 2A ). This result suggests that the proteins exist as dimers in solution under native conditions considering that the subunit molecular masses of NgoL and NgoL-CTD are 74 and 24 kDa respectively.
A variety of techniques were applied to assess the size and shape of NgoL-CTD in greater detail. DLS is a technique that measures the diffusion coefficient of a particle in solution. We used DLS to examine several purified NgoL-CTD preparations. As can be seen from Figure 2 (B), DLS data when fitted to the Stokes-Einstein equation gave an R h value of 3.6 + − 0.5 nm. Next, we determined the sedimentation coefficient of NgoL-CTD. The sedimentationvelocity profile of NgoL-CTD is shown in Figure 2 (C). Strikingly, there is only a single component at an s 0 20,w of 3.16 S. The SEDFIT analysis used to determine the sedimentation coefficient distribution gave a frictional ratio of 1.39 for the protein, which yields a molar mass of 43 kg/mol for the species sedimenting with 3.16 S. This is consistent with the protein being a dimer. Finally, using equilibrium sedimentation analysis we determined the molecular mass of NgoL-CTD. Global fitting of the concentration profiles ( Figure 2D ) obtained at two different speeds gave two components: a major species (75 % of absorption) with a molar mass of 44 + − 6 kg/mol and a minor species of 150 + − 60 kg/mol (25 %). The major species is consistent with a dimeric NgoL-CTD (molar mass of 48 kg/mol from sequence), while the minor species most probably is the result of aggregation during the long equilibration times and high protein concentrations near the bottom of the cell. Thus all three experiments show that NgoL forms a homodimer in solution. On the basis of molecular mass from the sequence, the hydrodynamic radius and sedimentation analysis, we calculate a shape factor (f /f min ) of 1.5, which indicates that NgoL-CTD is a dimer of asymmetric shape in agreement with the model for the E. coli MutL-CTD dimer [17, 34] .
DNA-binding studies with NgoL and NgoL-CTD
Several groups have demonstrated that E. coli MutL and eukaryotic MutL can bind both dsDNA (double-stranded DNA) and ssDNA with no sequence specificity [35] [36] [37] , whereas others report that MutL does not bind DNA [32] . The DNA-binding activity of E. coli MutL was detected in the absence of a nucleotide cofactor, but was enhanced in the presence of p[NH]ppA (adenosine 5 -[β,γ -imido]triphosphate), a non-hydrolysable ATP analogue [38] . The crystal structure of the LN40-p[NH]ppA complex revealed a positively charged groove inside the saddleshaped LN40 dimer. Mutation of Arg 266 to glutamic acid in the middle of the groove largely abolished DNA-binding activity of the full-length E. coli MutL [36] . Although LN40 alone binds DNA, the presence of the C-terminal dimerization region in the full-length MutL greatly enhances DNA binding [17] . Earlier work had shown that E. coli LN40 bound to dsDNA in a sequence-and mismatch-independent manner, indicating that the N-terminal 349 residues of E. coli MutL contain all of the elements necessary for interacting with DNA [38] . It has been shown that T. thermophilus MutL binds to 80 bp dsDNA with a dissociation constant of 420 nM and binds weakly to ssDNA with a K d of 4 μM [15] .
We carried out EMSAs with NgoL using [α-32 P]ATP-labelled 440 bp duplex DNA in the absence of bivalent metal ions. A shifted complex was obtained upon the binding of NgoL ( Figure 3A) . Interestingly, EMSAs with a 45-base ssDNA clearly showed that NgoL binds to ssDNA ( Figure 3B ). Our results on the binding of NgoL to ssDNA are similar to the results obtained with E. coli MutL. Binding of MutL to DNA and a preference for ssDNA were elegantly shown by Bende and Grafstrom [35] , despite negative results of others [32] . Ban et al. [38] using a double-filter binding assay confirmed that E. coli MutL binds DNA, preferably to ssDNA.
To determine further the NgoL-DNA interaction, a DNA substrate (oligonucleotide 8, Table 1 ) was synthesized that contained a 5 -biotin tag, which was immobilized through a biotin-streptavidin interaction on the surface of a streptavidin chip. The background non-specific binding and bulk concentration of NgoL and NgoL-CTD were determined experimentally by simultaneous injection over a surface that lacked DNA. SPR spectroscopy was used to determine the kinetics of DNA binding by NgoL and NgoL-CTD. We have monitored the extent of binding of NgoL and NgoL-CTD to DNA by using fixed concentrations of 35-mer oligonucleotide and various concentrations of NgoL ( Figure 3C ) and NgoL-CTD ( Figure 3D ). The binding was carried out in the absence of metal ions. The association and dissociation of the proteins from DNA were monitored by changes in the resonance due to the change in mass on the sensor surface ( Figures 3C and 3D) . The kinetic constants were determined by subjecting the sensograms of association and dissociation phases to global analysis using BIAevaluation software 3.0. The global fitting analyses both association and dissociation data for all concentrations simultaneously using a M (in 20 mM NaCl) was obtained for NgoL-CTD ( Figures 3C and  3D) . A K d value of 4.1 × 10 −8 M for NgoL-CTD (in 20 mM NaCl) was obtained with dsDNA. These results demonstrate that NgoL and NgoL-CTD bind to DNA with high affinity. Comparison of the dissociation constants of the NgoL-DNA and NgoL-CTD-DNA interactions with other protein-DNA interactions suggest that these proteins bind in a sequence-independent manner, yet more tightly than other non-specific protein-DNA interactions. It is interesting to recall here that a C-terminal region (LC20) of E. coli MutL failed to bind DNA [17] . DNA binding by NgoL-CTD could be attributed to several highly conserved arginine residues, Arg 498 , Arg 639 and Arg 656 (and, to a lesser extent, to Lys 506 ). These residues are highly conserved in all bacterial MutL homologues having the endonuclease motif and, in all such cases, the conserved arginine residues are located in a common region in the CTD.
Characterization of NgoL ATPase
E. coli MutL and MutL homologues are members of the GHKL (gyrase, heat-shock protein 90, histidine kinase and MutL) ATPase family [37] which is characterized by a non-traditional ATP-binding fold [39] . These proteins have been shown to have low rates of ATP hydrolysis [40] . The ATPase activity of the MutL family appears to be essential for the DNA-repair function, as the majority of the mutations in E. coli MutL causing the dominant mutator phenotype [41] are in or around the ATPbinding site [30] . The N-terminal 40 kDa fragment of E. coli MutL (LN40) encompasses all conserved residues in the MutL family. The ATP-binding pocket entirely overlaps with the region in the first domain of LN40 that is conserved throughout the MutL family [38] . E. coli MutL has been reported to catalyse the hydrolysis of ATP, which is enhanced substantially by ssDNA [38] . We therefore studied the effect of DNA on the NgoL ATPase activity. NgoL ATPase activity was significantly enhanced in the presence of ssDNA (see Supplementary Figure S3 at http://www.BiochemJ.org/bj/423/bj4230265add.htm). The fact that NgoL ATPase activity is stimulated ∼ 2.5-fold by dsDNA and ∼ 2-fold by ssDNA is a further evidence for the interaction between NgoL and DNA. The DNA-dependent ATPase activity of NgoL probably plays a role in switching from a mismatch-repair initiation complex to a processing complex.
Purified NgoL and NgoL-CTD proteins show nicking endonuclease activity
Covalently closed circular heteroduplex DNA molecules lacking a d(GATC) are subjected to repair by the E. coli mismatch-repair system if they contain a strand-specific single-strand break [4] . Furthermore, homologues of the endonuclease MutH are limited to a small group of proteobacteria. Therefore the mechanism of strand discrimination mentioned above has to be different in most prokaryotic and eukaryotic organisms, including humans. A significant observation regarding strand discrimination by the E. coli MutHLS system is that the requirement for MutH endonuclease can be obviated in vitro by the introduction of a strand-specific nick located up to 1000 bp away from the basemismatched site. Using purified human MutSα, MutLα, RFC and PCNA, Kadyrov et al. [13] detected a weak endonuclease activity that specifically incised the discontinuous strand in a mismatchcontaining heteroduplex and this activity was located in human MutLα. These authors showed further that the endonucleolytic activity of MutLα required Mn 2+ and ATP. Furthermore, they identified a bivalent-cation-binding site in the PMS2 subunit of MutLα, which was mapped to the C-terminal region of PMS2 including the conserved DQHAX 2 EX 4 E motif. Replacement of either the first aspartate or the middle glutamate residue with alanine eliminated the endonucleolytic activity of human MutLα [13] . Kadyrov et al. [14] also showed that S. cerevisiae MutLα also contains this conserved motif and that the yeast MutLα is indeed a strand-directed endonuclease that incises DNA in a reaction that depends on a mismatch, yeast MutSα, yeast RFC, yeast PCNA, ATP and a pre-existing strand break. Amino acid substitution within the yeast PMS1 (corresponding PMS2 in humans) DQHAX 2 EX 4 E motif abolished yeast MutLα endonuclease activity in vitro and conferred strong genetic instability in vivo. As mentioned above, this conserved metalbinding motif is absent in MutL proteins from bacteria such as E. coli and H. influenzae that rely on d(GATC) methylation for strand discrimination during mismatch repair. It was therefore of interest to find out whether NgoL, which harbours the conserved metal-binding motif, displayed any endonuclease activity in the presence of metal ions. Endonuclease activity was indeed detected by incubating supercoiled pUC19 DNA and NgoL in the presence of metal ions. Incubation of NgoL or NgoL-CTD with supercoiled pUC19 DNA and Mg 2+ or Mn 2+ ions resulted in nicking of supercoiled pUC19 ( Figure 4A ). On the other hand, incubation of pUC19 DNA with heat-denatured NgoL or NgoL-CTD did not result in any cleavage (results not shown). One could argue that the endonuclease-like activity could be due to a contaminating endonuclease, possibly the product of the endA1 gene present in the E. coli strain used for the expression of proteins. We therefore transformed the pET15b-NgoL or pET15b-NgoL-CTD construct into E. coli strain ER2566. In this strain, the endA1 gene has been deleted. NgoL or NgoL-CTD purified from this strain gave identical results with those described above (results not shown). Several completely independent samples of nearhomogeneous NgoL or NgoL-CTD protein preparations were used in the present study, and individual preparations were free from any detectable contaminating endonucleases. As a control, we performed digestion of pUC19 DNA with H. influenzae MutL and did not observe any nicking of supercoiled DNA (results not shown).
NgoL or NgoL-CTD showed no activity in the absence of metal ions (Figure 4) . We therefore investigated the effects of various metal ions on the nicking endonuclease activity of NgoL ( Figure 4A ) and NgoL-CTD ( Figure 4B) , to determine the specificity of metal ion requirement. These proteins (5 μM) were incubated with various amounts of Mg 2+ , Mn 2+ or Ca 2+ ions and the catalytic activity was determined (Figure 4) . The results of the nicking activity carried out with Mg 2+ , Mn 2+ and Ca
2+
ions clearly indicate that there was nicking activity only in the presence of metal ions (Figure 4) . Maximum activity was seen in the presence of 5 mM MnCl 2 , and MgCl 2 also supported the endonucleolytic activity. Further additions of up to 10 mM of MnCl 2 had no further effect on enzymatic activity (results not shown). These results are in contrast with the ones observed with the human MutLα endonuclease. Human MutLα endonuclease activity has been shown to be dependent on Mn 2+ ions only, and no detectable activity was seen in the presence of Mg 2+ ions. Fukui et al. [15] showed both T. thermophilus and A. aeolicus MutL relaxed supercoiled plasmid in a Mn 2+ -, Ni 2+ -or Co 2+ -dependent manner. The Mn 2+ -dependent activity of human MutLα was stimulated by ATP, consistent with the known involvement of MutLα ATP hydrolytic centres in mismatch repair [13] . In direct contrast, the endonuclease activity of NgoL is inhibited by ATP (1 mM), whereas it has no effect on the endonuclease activity of NgoL-CTD ( Figure 5 ). This is consistent with the observation that ATP inhibits T. thermophilus and A. aeolicus MutL endonuclease activity [15] . The results of the present study suggest that NgoL and NgoL-CTD certainly harbour a metal-binding centre important for nicking activity and ascertain the fact that the endonuclease activity is not due to a contaminating endonuclease.
Mutagenesis of the presumptive metal-binding motif in NgoL and NgoL-CTD
In an effort to corroborate our observation that NgoL-CTD indeed shows a nicking activity, we performed site-directed mutagenesis to replace two amino acids (shown in bold) in the putative metal-binding motif DMHAX 2 EX 4 E corresponding to the eukaryotic motif DQHAX 2 EX 4 E. By replacing N and Q respectively, it was possible to introduce convenient restriction sites, thus allowing screening of mutants. First, we replaced the aspartic acid residue at position 491 with asparagine, glutamic acid at position 497 with glutamine or lysine and glutamic acid at position 502 with lysine. These resulted in mutant proteins, NgoL-D491N, NgoL-E497Q, NgoL-CTD-D491N, NgoL-CTD-E497Q and NgoL-CTD-E497K. Secondly, we constructed double mutants, NgoL-D491N/E497Q, NgoL-CTD-D491N/E497Q and NgoL-CTD-E497K/E502K. The mutants were confirmed by DNA sequencing.
Purification and characterization of NgoL and NgoL-CTD variants
All five CTD mutant proteins were purified to near homogeneity and analysed, using SDS/PAGE and Western blotting, for alterations in the electrophoretic mobilities and no apparent changes were detected (results not shown). The mutant proteins fractionated like the wild-type NgoL-CTD protein.
To determine the size and subunit structure of NgoL-CTD-D491N/E497Q in solution, gel-filtration chromatography was performed. Both wild-type and mutant enzymes eluted as single peaks at a position corresponding to a globular protein with a molecular mass of 54 kDa, suggesting that these proteins exist as dimers in solution under native conditions (results not shown). It is clear from these results that mutations at positions 491 and 497 did not affect the oligomeric status of the enzyme.
The CD spectra of NgoL-CTD and the double mutant NgoL-CTD-D491N/E497Q revealed that the protein adopts a folded structure with ∼ 25 % α-helical content. Analysis of the wildtype NgoL-CTD protein and the double mutant variant did not reveal significant differences in the CD spectra, indicating that the amino acid exchanges did not affect the overall structure of the mutant protein ( Figure 6A) .
We monitored the formation of the open circular form first by incubating DNA with increasing concentrations of NgoL-CTD-D491N, NgoL-CTD-E497Q, NgoL-CTD-E502K, NgoL-CTD-D491N/E497Q and NgoL-CTD-E497K/E502K mutant proteins. Both the single mutants NgoL-CTD-D491N and NgoL-CTD-E497Q were 70 % as active as the wild-type enzyme (results not shown). On the other hand, the double mutant NgoL-CTD-D491N/E497Q enzyme was only 15 % active ( Figure 6B ). NgoL-CTD-E502K and NgoL-CTD-E497K/ E502K showed 63 and 51 % activity compared with the wildtype NgoL-CTD (see Supplementary Figure S4 at http://www. BiochemJ.org/bj/423/bj4230265add.htm). Increasing concentrations of the double mutant protein up to 7 μM did not result in any significant increase in nicking endonuclease activity. In our assays, no significant linearization of the substrate was observed even when 100-fold molar excess of the enzyme was used. However, it must be mentioned that the double mutant NgoL-CTD-D491N/E497Q binds DNA as monitored by SPR (results not shown). Thus these observations clearly demonstrate that the integrity of the metal-binding motif DMHAX 2 EX 4 E within the NgoL-CTD is required for the endonuclease function of NgoL-CTD. Our results are thus similar to the results obtained by Fukui et al. [15] with the T. thermophilus MutL in that a metal-binding motif in the CTD harbours the endonuclease activity. Cleavage of supercoiled pUC19 DNA was studied in kinetic experiments with excess of wild-type and mutant enzymes (5 μM) and a limiting amount of pUC19 DNA (50 nM). Samples were withdrawn from the reactions at increasing time points and analysed by agarose gel electrophoresis. The amount of nicked DNA at each time point was quantified. Analysis of the time course of DNA hydrolysis by wild-type and mutant NgoL-CTD proteins revealed a linear increase in nicked DNA product over 60 min. Whereas the wildtype NgoL-CTD showed approx. 30 nM product in 60 min, at the same protein concentration, the double mutant NgoL-CTD-D491N/E497Q showed only 7 nM of product formed ( Figure 6C ). The simplest interpretation of these findings is that endonuclease activity observed in these experiments resides within NgoL-CTD and that the DMHAX 2 EX 4 E motif may comprise part of the active site. Although the above results with NgoL-CTD clearly demonstrate that the CTD contains the endonuclease activity, it becomes imperative to show that similar mutations in the full-length NgoL would also result in loss of endonuclease activity. NgoL-D491N/E497Q was purified to homogeneity and analysed by SDS/PAGE. No apparent changes were detected in the electrophoretic mobilities (results not shown). Formation of open circular form of DNA was monitored by incubating DNA with increasing concentrations of NgoL-D491N/E497Q and wild-type NgoL. It is clear from Figure 7 that the double mutant NgoL-D491N/E497Q was only ∼ 5 % active ( Figure 7A ) compared with wild-type NgoL. Analysis of progress curve of DNA hydrolysis by wild-type and double mutant NgoL ( Figure 7B ) clearly showed that, whereas wild-type NgoL was able to convert approx. 45 nM open circular DNA in 60 min, at the same protein concentration, the double mutant NgoL-D491N/E497Q showed formation of less than 5 nM of open circular DNA. These experiments clearly demonstrate that the CTD contains the only endonuclease activity in NgoL.
Conclusions
Endonuclease assays (described above) clearly showed that the double mutant NgoL-CTD-D491N/E497Q was only ∼ 15 % active. As we detected no major conformational changes from the substitutions, it is likely that the decreased endonucleolytic activity observed resulted from a direct effect of the substitution rather than from some more generalized change in enzyme structure. As the DMHAX 2 EX 4 E motif is involved in metal binding, it was of interest to determine the binding of metal ions to NgoL-CTD and mutant NgoL-CTD-D491N/E497Q. The intrinsic fluorescence properties of NgoL-CTD and its variant were exploited in a fluorescence-quenching assay to determine the binding of metal ions. The modified Stern-Volmer plot (see the Materials and methods section) was used to analyse the quenching data. The binding constants (K d ) estimated for the wildtype NgoL-CTD and mutant NgoL-CTD-D491N/E497Q were 0.72 and 4.22 mM respectively (see Supplementary Figure S5A at http://www.BiochemJ.org/bj/423/bj4230265add.htm) clearly supporting the fact that substitutions in the DMHAX 2 EX 4 E motif resulted in significant loss of metal ion binding. To substantiate further that these acidic residues are important for metal binding, we monitored the endonuclease activities of the wild-type NgoL-CTD and the double mutant NgoL-CTD-D491N/E497Q as a function of increasing concentrations of Mn 2+ (Supplementary Figure S5B) . It is clear that there is increase in NgoL-CTD endonuclease activity with increase in the metal ion concentration, whereas there is no such effect with the double mutant NgoL-CTD-D491N/E497Q. A simplest interpretation of these results is that the metal-binding site is indeed affected upon mutations. It should be mentioned here that T. thermophilus MutL exhibits endonuclease activity only in the presence of Mn 2+ , Ni 2+ or Co 2+ which decreased on alteration of Asp 364 to asparagine. Interestingly, the endonuclease activity of T. thermophilus MutL was negatively regulated by the binding of ATP [15] .
In the present study, we have shown that NgoL, in addition to having the ATPase activity, is a nicking endonuclease that incises covalently closed circular DNA in the presence of metal ions. The probable endonuclease active site has been localized to DMHAX 2 EX 4 E motif present in the C-terminal region. This motif is also present in archaeal and bacterial MutL proteins, but is absent from MutL proteins from bacteria such as E. coli and H. influenzae that rely on d(GATC) methylation to direct mismatch repair. Amino acid substitutions within this conserved endonuclease motif abolishes N. gonorrhoeae endonuclease activity in vitro. In addition, we report the expression, purification and analysis of the C-terminal domain of NgoL, i.e. NgoL-CTD. On the basis of gel-filtration, sedimentation-velocity, sedimentation-equilibrium and DLS studies, NgoL-CTD is found to be a dimer. Interestingly, NgoL-CTD itself is an active endonuclease in the presence of metal ions. Mutations in the DMHAX 2 EX 4 E motif abolish the endonuclease activity. Our results suggest that the presumptive metal-binding site in NgoL might function somewhat differently than the human or yeast counterpart as suggested previously by Fukui et al. [15] .
It has been demonstrated that the E705K mutant of yeast MutLα confers a strong genetic instability in vivo [42] . In addition, it has been clearly shown that these and other mutations in the yeast and human MutLα endonuclease motif affect multiple mismatch-repair functions: mismatch-repair-dependent suppression of homologous recombination in yeast and cellular response to S N 1-type methylating agents in both yeast and mammalian cells [43] . In addition, Deschenes et al. [42] have shown that the human PMS2-E705K/yeast PMS1-E738K inhibited mismatch repair in wild-type mammalian cell extracts or yeast cells only when present in excess amounts relative to wild-type PMS2.
The major differences between the NgoL and its eukaryotic counterpart with respect to the NgoL's in vitro endonuclease activity are as follows. (i) The human MutLα preparations display endonuclease activity at low KCl concentration (23 mM) . We also show that the NgoL endonuclease activity is proficient even at 100 mM KCl. In contrast, at very low salt concentrations, and only in the presence of ATP-Mn 2+ , the endonucleolytic activity of yeast MutLα is demonstrable on homoduplex DNA in the absence of other proteins and the incision of a nicked homoduplex under these conditions is without strand bias. In contrast, NgoL endonuclease activity requires only the presence of a metal ion. (ii) The Mn 2+ -dependent activities of human MutLα and the yeast MutLα were stimulated by 0.5 mM ATP. The endonuclease activity of NgoL, on the other hand, is inhibited by 1 mM ATP. (iii) The single aspartate or glutamate mutants in human MutLα variants with PMS2 (D699N or E705K amino acid substitutions) or the single glutamate mutant in yeast PMS1 (E707K) were nearly deficient for Mn 2+ -dependent nicking activity. In marked contrast, the NgoL-CTD-E497Q mutant (corresponding to Glu 705 in human PMS2) retained approx. 70 % activity. (iv) The yeast MutLα is a strand-directed endonuclease that incises DNA in a reaction that depends on a mismatch, yeast MutSα, yeast RFC, yeast PCNA, ATP and a pre-existing strand break. NgoL, on the other hand, is able to nick dsDNA in the presence of bivalent metal ions alone. These findings suggest that most bacterial mismatch-repair systems which lack MutH resemble more the eukaryotic mismatch repair in contrast with E. coli mismatch repair, which lacks the MutL endonuclease activity, but which has taken advantage of MutH endonuclease for strand discrimination. These differences suggest that the mode of excision initiation by NgoL could be different from the manner in which the yeast or human MutLα employ. However, these apparent differences need to be addressed in future studies using a mismatch-provoked MutS and another cofactor-dependent reaction. The percentage of inorganic phosphate (Pi) formed in the absence or presence of single-stranded M13 DNA or pUC19 DNA. Inorganic phosphate formed was quantified using the Malachite Green assay [1] .
Figure S4 Effect of increasing enzyme concentration
Increasing amounts of NgoL-CTD, NgoL-CTD-E502K or NgoL-CTD-E497K/E502K (1-5 μM) were incubated with 50 nM pUC19 DNA in 10 mM Hepes/KOH buffer (pH 8.0) containing 100 mM KCl and 5 mM MnCl 2 at 37 • C for 60 min and assayed for nicking activity as described in the main text.
